The spin dephasing relaxation in single-electron-doped InP quantum dots was studied by means of Hanle measurements. When an InP quantum dot is doped with one electron on average, a narrow Lorentzian dip with half-width of 4.6 mT appeared and was superposed on two Lorentzians with half-widths of 1.54 and 128 mT in the Hanle curve. The half-widths 1.54 T, 128 mT, and 4.6 mT are ascribed to spin-dephasing relaxation of holes, electron-hole pairs, and doped electrons consistuting negative trions, respectively. The corresponding spin coherence time of the doped electrons at 5 K is 1.7 ns, which is determined by the frozen fluctuation of nuclear spins in the quantum dots. With increase of temperature, the spin-dephasing rate of the doped electrons increases.
I. INTRODUCTION
Study of semiconductor spins by means of optical orientation has attracted considerable attention of researchers in recent years. Further advance in this field might create quantum information processing devices and spin-electronic ͑spintronic͒ devices. 1, 2 The spin relaxation in bulk semiconductors and quantum structures has been extensively studied theoretically and experimentally. 3 Among these structures, quantum dots ͑QDs͒ are promising candidates for quantum spin memory, 4 because spin relaxation processes are greatly suppressed by the three-dimensional quantum confinement of carriers in QDs. 5, 6 As a result, spin relaxation times in QDs could be long compared to those in bulk semiconductors or two-dimensional structures. Experimental demonstration of long spin relaxation in QDs has been made. The spin relaxation time of excitons is beyond the recombination time at low temperature in InAs, CdSe, and CdTe QDs, as observed by time-resolved photoluminescence 7, 8 ͑PL͒ or static circularly polarized PL under a magnetic field. 9, 10 In addition, a spin-dephasing time of 3 ns including the inhomogeneous effect ͑T 2 * ͒ of electrons in chemically synthesized CdSe QDs has been observed at 0 T and 6 K by means of a time-resolved Faraday rotation measurement. 11 In a neutral quantum dot, the spin relaxation time of an optically created electron or hole is restricted by the recombination lifetime. In contrast, this limitation is removed in charged QDs, where a doped electron or a doped hole is present permanently. If optical orientation, long-time storage, and optical readout of the spins of doped electrons or holes can be done, their spins in QDs become leading candidates for a quantum bit. In the case of charge-tunable QDs particularly, we can control the charge state in the QDs with an applied electric bias. 12, 13 From this point of view, the spins of doped electrons or holes in the charged QDs are an attractive research target. The long spin relaxation time T 1 of doped electrons and holes has been reported in several publications. [14] [15] [16] [17] [18] [19] [20] [21] [22] The spin-dephasing relaxation time T 2 * is different from the spin relaxation time T 1 . A long spin-dephasing time T 2 * , which is the lifetime of coherent superposition of spin-up and spin-down states, is absolutely imperative for the implementation of spin-based quantum computing and storage. Although a few studies have been made on spin-dephasing relaxation in charged QDs, [23] [24] [25] [26] studies about the mechanisms of spin dephasing are still at the elementary stage.
In this paper, we present our study of the spin-dephasing relaxation of doped electrons in charge-tunable InP QDs by means of the Hanle effect. The Hanle effect measures the dynamical spin orientation of carriers in time units of the Larmor spin precession period. 27 Although the Hanle measurement is static, it has high sensitivity in measuring the spin-dephasing time of carriers in QDs. 23, 24, 28 We succeeded in measuring the Hanle effect of charge-tunable InP QDs with high sensitivity and accuracy of the circular polarization ͑0.1%͒. We observed optical orientation of the spin of the doped electrons under quasiresonant excitation and measured a spin-dephasing time T 2 * of 1.7 ns at 5 K, exceeding the recombination lifetime of 250 ps. This spin-dephasing relaxation mechanism is attributed to the frozen fluctuation of nuclear spins in the QDs. We also investigated the spindephasing relaxation mechanism through the temperature dependence of the Hanle effect.
II. EXPERIMENTAL PROCEDURES
The sample studied was charge-tunable InP selfassembled QDs grown by gas-source molecular beam epitaxy on an n + -type GaAs substrate. In this sample we found submillisecond spin memory. 16, 17 A single layer of InP QDs with a nominal thickness of 4 monolayers was grown between the 100 nm In 0.5 Ga 0.5 P barrier layers. The average lateral diameter of the QDs is 40 nm, and their height is 5 nm. The areal density of the QDs was about 10 10 cm −2 . Under above-barrier excitation, the sample shows a PL band peaked at 1.728 eV, as shown in the inset of Fig. 1 .
In order to apply an external electric bias, the sample was provided with a transparent indium tin oxide Schottky contact on the top surface and a Au:Ge Ohmic contact on the back surface. Because the lowest electron level in the QDs is close to the Fermi level of the doped substrate, the external electric bias allowed us to control the charged state of the QDs in the sample. 13 As is decribed later, a trionic quantum beat measurement showed that there is, on average, one doped electron per dot under a bias of U = −0.1 V. 13 Under positive bias, QDs doped with more than two electrons become dominant, while neutral QDs become dominant below the electric bias of U = −0.4 V, where an excitonic quantum beat was clearly observed. 29 A continous-wave Ti:sapphire laser was used for the quasiresonant excitation of InP QDs in the Hanle measurements. In the Voigt configuration ͑magnetic field is perpendicular to the optical excitation axis and the sample growth direction͒, a superconducting magnet ͉͑B͉ ഛ 6 T͒ was used together with a double monochromator. A photoelastic modulator ͑PEM͒ operating at the frequency of 42 kHz was used to modulate the polarization of the excitation beam. The PL polarization was measured in the reflection geometry with a quarter-wave ͑ /4͒ plate and a Glan-Thompson linear polarizer as a circular polarization analyzer, and was detected by a photomultiplier with a GaAs ͑Cs͒ photocathode and a two-channnel gated photon counter.
Because the spin relaxation time of the nuclei is much slower than the modulation period of the PEM ͑24 s͒, the nuclear spin cannot follow the alternating spin polarization of the electrons and there is no dynamic polarization of the nuclei. 27 This permitted us to eliminate the effect of the dynamic nuclear polarization on the optical orientation of the electrons. The degree of circular polarization, , is defined by
where I + + and I + − are the intensities of the + PL component under + and − pumping, respectively. In a Hanle measurement, is measured as a function of the transverse magnetic field.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Negative circular polarization of luminescence in singleelectron-doped quantum dots
The circularly polarized PL spectra of InP QDs under the electric bias of U = −0.1 V at 2 K are shown in Fig. 1 . The excitation photon energy E exc = 1.771 eV excites the QDs quasiresonantly. The degree of circular polarization of the PL is more than 40% within the excitation-detection energy difference ͑⌬E͒ of 10 meV and decreases with increase of ⌬E. The degree of circular polarization is positive above 1.733 eV and changes its sign on increasing ⌬E further. Negative circular polarization ͑NCP͒ was observed between ⌬E of 39 and 63 meV. The NCP became maximum at ⌬E of about 49 meV. There is one doped electron per dot on average under the electric bias U = −0.1 V, which is indispensable for NCP. In fact, NCP was observed only in the narrow range of the electric bias −0.4ഛ U ഛ 0.1 V. NCP was not observed when the excitation photon energy E exc = 1.746 eV is closer to the detection photon energy E det = 1.722 eV. Then the degree of circular polarization of the PL is positive at the PL band and monotonically decreases with increase of ⌬E. These observations show that spin relaxation of photocreated electrons and holes takes place in part in a phonon-mediated relaxation process. 30 With increase of ⌬E, phonon-mediated relaxation needs more time and spin relaxation proceeds. The successive spin relaxation associated with phonon-mediated relaxation was observed in CdSe and CdTe QDs. 8, 31 To explain the NCP, however, another spin flip-flop process described below and optical orientation of the doped electrons are needed.
A model for the mechanism of the NCP formation in quasiresonantly excited electron-doped InP QDs is described in Refs. 16 and 17 and is shown in Fig. 2 . Here, we explain the mechanism concisely. A quantum dot doped with one electron is either a PQD in which the spin of the doped electron is oriented parallel to the helicity of the circularly polarized excitation or an AQD in which the spin is oriented antiparallel to the helicity. The right circularly ͑ + ͒ polarized quasiresonant excitation creates electrons with spin ↓ and holes with spin ⇑ in the excited state of the QDs for 12 s. A hot bright trion composed of a hole ⇑ and two electrons ͱ 1/2͑↓↑ + ↑ ↓͒ is formed in an AQD ͓Fig. 2͑b͔͒, while a bright trion composed of a hole ⇑ and two electrons ↓↓ is formed in a PQD ͓Fig. 2͑a͔͒. In the ↓↓⇑ QDs, the photoexcited electrons cannot relax to the ground state without flip of their spins due to Pauli blocking. However, the electronhole pair can go through a flip-flop process in which both the electron spin and the hole spin are flipped simultaneously, and energy relaxation occurs. This flip-flop process is due to the presence of an anisotropic component of the exchange coupling and is considered to explain the NCP. 18, 32, 33 After the flip-flop process, electron-hole recombination occurs in the trion ground state ↑↓⇓ and the sign of the PL polarization inverts ͑ − ͒. Consequently, the degree of circular polariza-
Circularly polarized photoluminescence spectra of InP quantum dots at 2.0 K under selective circularly polarized excitation of the dots at 1.771 eV, below the In 0.5 Ga 0.5 P barrier band gap. The electric bias applied is −0.1 V. Degree of circular polarization of PL is shown by solid circles. The shoulder seen at the excitationdetection energy difference of ⌬E = 10 meV can be ascribed to the transverse acoustic phonon structure. In the inset, the PL spectrum of the sample under green laser excitation at 2.33 eV is shown and the excitation photon energy of 1.771 eV for the circularly polarized PL experiment is indicated by an arrow.
tion of the PL should be negative in a PQD. In the case of the AQD, a hot electron-hole pair in the trion excited state ͱ 1/2͑↓↑ + ↑ ↓͒⇑ can relax to the trion ground state ↑↓⇑ without the flip-flop process because the spins of the photoexcited and doped electrons are antiparallel. Then the electronhole recombination occurs in the ground state and gives positive PL polarization ͑ + ͒. Therefore, the degree of circular polarization of the PL should be positive in the AQD. In addition to the process shown in Fig. 2͑b͒ , spin flip of a single particle hole is assumed to take place in part of the AQD, because hole spin stability in the AQD is considered to be lower than that in the PQD. This is because the electronhole exchange interaction is reduced for electron pairs having zero total spin. Therefore we consider the spin flip of a single particle hole in an AQD, as is shown in Fig. 2͑c͒ . This process aligns the spin of a doped electron and makes the type conversion of AQD to PQD, after the negative circularly polarized PL is emitted. The NCP is explained by considering the simultaneous spin flip-flop process of a photocreated electron-hole pair in a PQD and optical pumping of the doped electrons causing the type conversion of AQD to PQD under circularly polarized excitation. 16, 17 Rise of the NCP observed in the time-resolved circularly polarized luminescence of InP QDs shows the flip-flop time to be about 60 ps.
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B. The Hanle curve in single-electron-doped quantum dots
For the excitation photon energy of 1.771 eV and the detection energy of 1.722 eV, the Hanle curves of the singleelectron-doped InP QDs are shown in Fig. 3͑a͒ and the narrowest dip of the lower curve is enlarged and displayed in Fig. 3͑b͒ . The lower Hanle curve was well expressed by a sum of three Lorentzians,
͑2͒
where Schematic spin orientation of electrons and a hole in a quantum dot, after circularly polarized photoexcitation generates an electron-hole pair at the excited state in a single-electron-doped quantum dot. ͑a͒ A process to geneate negative circularly polarized luminescence in a PQD. PQD denotes a quantum dot in which the spin of the doped electron is oriented parallel to the helicity of the circularly polarized excitation. ͑b͒ A process to generate positive circularly polarized luminescence in an AQD. AQD denotes a quantum dot in which the spin of the doped electron is oriented antiparallel to the helicity of the circularly polarized excitation. ͑c͒ Spin flip of a single particle-hole in an AQD, which causes optical pumping of the doped electron. = 50 meV by 35%, while the linewidth B 3 is equal to that in the Hanle curve for ⌬E = 50 meV.
We can neglect the spin-dephasing relaxation of an electron in the ground state of negative trions within the electron-hole recombination time, because the ground state of negative trions consist of solely a singlet formed by two electrons ͱ 1/2͑↑↓− ↓ ↑͒. We assume no hole spin-dephasing relaxation in the ground state ͑Kramers doublet͒ of negative trions within the electron-hole recombination time. The assumption is supported by the experimental reports of the high spin stability of holes for CdSe ͑Ref. 19͒ and InAs QDs. 20 Thus the spin-dephasing relaxation observed by the Hanle effect within the electron-hole recombination time is the spin-dephasing relaxation during the energy relaxation of a photocreated electron-hole pair into a trion in the ground state.
The spin state of a photocreated electron-hole pair can change as a result of the spin flip of an electron, a hole, or an exciton. In an exciton, the stability of the hole spin is lower than that of the electron spin, because of the mixing in the valence band. In fact, in the phonon-mediated relaxation in quantum structures, spin relaxation of holes is known to be much faster than spin relaxation of electrons and in the range of picoseconds. 36 In case the electron-hole exchange energy ␦ is larger than ប / h , where h is the single-particle hole spin-flip time, stability of the hole spin within the exciton is high and spin flip of the exciton becomes the major spin relaxation process. 37 In the opposite case, single-particle spin relaxation of the electron and the hole becomes predominant.
The electron-hole exchange energy ␦ in InP QDs is around 140 eV. 29, 38 The corresponding time ប / ␦ is 4.7 ps. Because h is considered to be comparable with ប / ␦, we assume that spin-dephasing relaxation of single-particle holes and excitons ͑electron-hole pairs͒ takes place simultaneously. The spin flip of the single-particle hole is displayed schematically in Fig. 2͑c͒ and spin flip of excitons ͑electron-hole pairs͒ is shown in Fig. 2͑a͒ . The amplitude of polarization ͉A 3 ͉ is smaller than ͉A 2 ͉ and B 3 is larger than B 2 by an order of magnitude, as is seen from two Hanle curves in Fig. 3 . This leads to the assignment that the scaled spin-dephasing time gT 2 * = ប / B B 3 of 7.3 ps is the spin-dephasing time of holes. The g factor of a heavy hole is g hЌ = 0.25 around 1 T under a magnetic field applied in perpendicular to the growth direction. 39 From g hЌ = 0.25, we obtain the spin-dephasing time of the single-particle holes T 2 * = 29.2 ps. Thus, the third Lorentzian represents depolarization by single-particle hole spins under the transverse magnetic field. It is comparable with the phonon-mediated energy relaxation time of electron-hole pairs, 37 ps for an excitation-detection energy difference of ⌬E = 50 meV, in InP quantum dots studied by us. [40] [41] [42] In an electron-doped QD, the circular polarization of PL can change its sign only when the spin of a hole is flipped. The negative A 2 observed for the excitation photon energy of 1.771 eV shows that the spin of a hole is flipped. Based on the model forming the negative circular polarization, an electron is simultaneously flipped in a PQD. When the excitation photon energy is 1.746 eV, A 2 is positive and B 2 is smaller than that for the excitation photon energy of 1.771 eV by 35%. This characteristic show that the second Lorentzian comes from the spin-dephasing relaxation of excitons ͑electron-hole pairs͒, which is the simultaneous spin flip of electron-hole pairs. With the decrease of the excitationdetection energy difference ⌬E, spin relaxation becomes more incomplete. The positive A 2 observed for the excitation photon energy of 1.746 eV means that phonon-mediated energy relaxation of a hole is completed before the spin flip of an electron-hole pair. The scaled spin-dephasing time gT 2 * of 90 ps comes from the spin flip relaxation of excitons ͑electron-hole pairs͒. Photocreated electron-hole pairs precess in a transverse magnetic field and spin-flip relaxation takes place by chance during the precession. With increase of the magnetic field, the precession period becomes shorter than the spin-flip relaxation time and magnetic depolarization takes place for electron-hole pairs. The g factors of an electron and a heavy hole are g e = 1.5 and g hЌ = 0.25, respectively, under a magnetic field applied perpendicular to the growth direction. 38, 39 Therefore the spin-dephasing relaxation times of photoexcited electron-hole pairs are evaluated to be 51 ps. The value almost agrees with the simultaneous spin-flip time of an electron-hole pair, 60 ps, observed in the time-resolved circularly polarized luminescence of the same sample.
16,43 Therefore, we conclude that the second Lorentzian ͑A 2 , B 2 ͒ comes from the spin-dephasing relaxation of photocreated electron-hole pairs caused by their spin flip.
The sharpest ͑first͒ Hanle dips and the dependence of the Lorentzian amplitude parameters describing the Hanle curves on the electric bias are shown in Fig. 4 . The amplitude of the sharpest ͑first͒ Lorentzian dip has a maximum around U = −0.15 V as is seen in Figs. 4͑a͒ and 4͑b͒ . Open diamonds show the amplitude ͑ 0 ͒ of the measured trionic quantum beat observed under the excitation at 1.771 eV and detection at 1.753 eV. Note that the two peaks of the trionic quantum beat and the amplitude of the sharpest ͑first͒ Lorentzian dip are in accord at U = −0.15V. Observation of a trionic quantum beat ensures the presence of a single doped electron in a QD. 13 Because of the longest spin-dephasing time and the exact coincidence of the sharpest Hanle dip with the trionic quantum beat, the sharpest Lorentzian was assigned to the spin-dephasing relaxation of the doped electron. The half-width of the sharpest Lorentzian B 1 = 4.6 mT gives the scaled spin-dephasing time ͑gT 2 * = 2.5 ns͒ of the doped electrons. From g e = 1.5, we get the spin-dephasing time T 2 * = 1.7 ns for the doped electron. 38 The recombination lifetime in InP QDs is 250 ps by the time-resolved PL measurement. 16 The 1.7 ns spin-dephasing time of the doped electron obtained in our work is much longer than the recombination lifetime. Figure 4͑b͒ shows the dependence of the second Lorentzian amplitude A 2 ͑solid triangles͒ of the Hanle curve on the electric bias. The second Lorentzian changed its sign drastically under negative bias. Negative A 2 is observed under electric bias ranging from −0.5 to + 0.0 V, where the trionic quantum beat is observed. The scaled spin-dephasing time gT 2 * is constant and is about 100 ps under negative electric bias. It is assigned to the spin-flip time of photocreated electron-hole pairs not only in electron-doped QDs but also in neutral QDs. The negative A 2 shows that the spins of photocreated electrons and holes flip in the presence of a doped electron in a QD and that the number of PQDs exceeds that of AQDs. Strong anisotropic exchange interaction between an electron and a hole photocreated in a QD causes efficient spin flip in both electron-doped QDs and neutral QDs similarly.
C. Spin dephasing of electrons in doped quantum dots
Let us consider what spin-dephasing relaxation mechanism is dominant in the spin-dephsing time T 2 * = 1.7 ns of doped electrons in QDs. The D'yakonov-Perel' mechanism, the Elliott-Yafet mechanism, and the Bir-Aronov-Pikus mechanism are well known as spin relaxation mechanisms worked dominantly in bulk semiconductors. 27 These mechanisms are mostly suppressed for the localized electrons in QDs. The dominant dephasing relaxation mechanism of the localized electrons in QDs is the hyperfine interaction with nuclear spins at low temperatures. [44] [45] [46] [47] The localized electrons are influenced by fluctuations in the local nuclear spin environment. The nuclear spins are static during the precession cycle of an electron spin but fluctuate during its many precessions. The fluctuating spins, via the hyperfine interaction, behave like an effective magnetic field and causes the dephasing of the electron spin precession. Merkulov et al. showed that the dephasing time for this process is
where ⌬ B is the dispersion of the nuclear hyperfine field distribution, N L the number of nuclei interacting with the electron in the QD, A j the hyperfine constant, I j the spin of the jth nucleus, and n the number of nuclei per unit cell. 44, 48 The hyperfine constants of In ͑I In =9/2͒ and P ͑I P =1/2͒ are A In =56 eV and A P = 0.5 eV, respectively. 44, 49 For an average lens-shaped dot size ͑base diameter is 40 nm, height is 5 nm͒, we estimate that the number of nuclei in interaction with the electron is N L Ϸ 1.4ϫ 10 5 . Then Eq. ͑3͒ gives T ⌬ ϳ 0.8 ns. This is in agreement with the experimental value T 2 * = 1.7 ns in order of magnitude and therefore the spindephasing relaxation for the doped electrons in InP QDs can be attributed to the hyperfine interaction with randomly oriented nuclear spins.
Temperature increase modified the Hanle curve of the electron-doped InP QDs, as is shown in Fig. 5 . The sharpest ͑first͒ Lorentzian dip broadened and faded away at elevated temperatures. The second Lorentzian disappears above 60 K. As a result, the sign at the peak of the Hanle curve was changed from minus to plus at higher temperature. These observations mean the phonon-mediated spin-dephasing relaxation dominates over the spin-flip relaxation above 60 K. The inset of Fig. 5 shows the temperature dependence of the spin dephasing rates ͑␥ s ͒ for the sharpest ͑first͒ Lorentzian. The spin-dephasing time T 2 * decreases monotonically with increasing temperature. The spin decay rate ͑1/T 1 ͒ in the same sample, electron-doped InP QDs, increases with increase of temperature, and its temperature dependence shows that the dominant spin relaxation mechanism is the twophonon Orbach process, 17 that is, thermally activated spin relaxation due to the phonon-medicated coupling of the ground and excited electron states. 50 The spin decay rate is given by ␥ s ϳ ␥ 0 + ␥ 1 ͓exp͑E a / k B T͒ −1͔ −1 ͑E a is the activation energy, k B the Boltzmann constant, and ␥ 0 the spin decay rate arising from temperature-independent relaxation mechanisms͒. The expression was used for fitting with parameters ␥ 0 = 0.38, ␥ 1 = 0.39, and E a = 1.8 meV in the inset of Fig. 5 and good agreement was obtained. Therefore, the two- phonon Orbach process dominates over the spin-dephasing relaxation at elevated temperatures similarly to the situation with the spin relaxation ͑1/T 1 ͒.
We obtained the spin-dephasing time T 2 * = 1.7 ns of doped electrons in InP QDs. This time exceeds the recombination lifetime of 250 ps in the InP QDs we studied. 16 However, it is substantially shorter than the spin memory time ͑T 1 ͒ of doped electrons in charged InP QDs in the microsecond range observed under a longitudinal magnetic field of 0.1 T. 16, 17 Under a longitudinal magnetic field, the relaxation of electron spins due to the frozen fluctuation of nuclear spins is much supressed, while the dephasing of electron spins is not suppressed in the transverse magnetic field. 44, 48 This is the reason why the spin-dephasing time T 2 * we observed is much shorter than the spin memory time.
IV. CONCLUSIONS
The spin-dephasing relaxation in charge-tunable InP quantum dots was studied by means of a Hanle measurement. When an InP quantum dot is doped by one electron on an average, a narrow Lorentzian dip with half-width of 4.6 mT appeared and was superposed on a negative Lorentzian with half-width of 128 mT and a positive Lorentzian with halfwidth of 1.54 T in the Hanle curve. The half-widths 1.54 T, 128 mT, and 4.6 mT are ascribed to the spin-dephasing relaxation of photocreated holes, photocreated electron-hole pairs, and doped electrons consistuting negative trions, respectively. The corresponding spin-dephasing time of the doped electrons at 5 K is 1.7 ns, which is determined by the frozen fluctuation of nuclear spins in the quantum dots. With increase of temperature, the spin-dephasing rate of the doped electrons increases.
